A novel hard composite solid lubricant coating, combining TiN and MoS x , has been developed using pulsed DC closed-field unbalanced magnetron sputtering (CFUBMS). The (by up to ~45% compared to the uncoated tool) and exhibited a tool life of 8 min, which was 8 times and more than 2 times longer than that of the uncoated and conventional hard TiN coated counterparts, respectively. The workpiece surface roughness, R a also decreased by 13 to 21% when machined with the TiN-MoS x coated tool in comparison to the uncoated cemented carbide.
INTRODUCTION
The development of functionally graded coatings, such as TiAlN, metal/carbon and TiN, using physical vapour deposition (PVD) for cutting tool applications has witnessed significant progress over the past three decades (Freller et (6) commented that the deposition of a hard/lubricant coating on cutting tools could be a potential alternative to the extensive usage of cooling emulsion in metal cutting with benefits stemming from an improved chip flow characteristic with a lower coefficient of friction and reduced cutting force. Weinert et al. (7) argued that the lubricating function of the cutting fluids can be partly compensated by the soft "self-lubricating" coatings such as MoS 2 or amorphous WC/C. Ideally, coated tools should possess high hot hardness, sufficient toughness, chemical inertness and high temperature stability. At the same time, it should also have good anti-friction or anti-sticking properties over a broad temperature range. Since it is neither feasible nor practical to expect all of these properties from a single coating material, it is often required to combine the properties of two or more materials to achieve the desirable properties (Klocke and Krieg (8)). Klocke et al. (9) further remarked that complex stresses could be counteracted by combining various thin films in a multilayer fashion with improved coating-substrate adhesion and toughness properties. 
Molybdenum disulphide (MoS

Turning tests
A comparative machining performance evaluation of the uncoated insert and the others coated with different architectures (as shown in Fig. 1 ) was carried out when dry turning AISI material is widely used in manufacturing different automotive parts, hand tools, springs and many other engineering components but is more difficult-to-machine than the low or medium carbon steels. All turning trials were carried out on a high speed precision lathe machine coupled with a range of spindle speed from 40 to 2040 rpm, and retrofitted with a frequency modulator in order to attain all levels of cutting velocity (V c ). The first phase of experiment (Phase 1) involved variation in V c from 32 to 230 m/min but a constant feed rate (f) and depth of cut (a e ) of 0.2 mm/rev and 2 mm, respectively, with the aim of investigating the influence of cutting velocity on cutting forces for both uncoated and coated tools. The machining time in each trial was only 10 s during which axial (F x ) radial (F y ) and tangential (F z ) cutting forces were recorded using a KISTLER 9257B piezoelectric dynamometer. After 10 s of machining, the condition of the cutting tools was studied using optical microscopy, scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS). This was followed by the removal of built-up materials from the tool rake surfaces by dissolving them in an ultrasonic bath containing a solution of 20% concentrated H 2 SO 4 . The carbide inserts were then further examined using the optical microscopy, SEM and EDS. The average surface roughness (R a ) of the workpiece was measured using a contact based profilometer with a cut off length and evaluation length of 0.8 and 4 mm, respectively, as typically used for nearly all machined surfaces (Leech (30)). Three measurements were taken at different regions on the workpiece and the average value was calculated. Therefore, the strength and weakness of the coated and uncoated tools were ascertained from the cutting force data and degree of built-up edge (BUE) formation, particularly at a low cutting velocity.
Based on the results from Phase 1, two coated tools were selected for the tool life test in Phase 2: monolayer TiN coated insert (T2) and the tool coated with TiN-MoS x (at I Ti = 3.5 A) composite coating with a TiN underlayer (T7). Tool life test was also carried out for uncoated carbide insert (T1) in order to compare the performance of the coated tools with that of the uncoated one. All turning trials in Phase 2 were carried out under a dry environment at a constant cutting velocity of 200 m/min, feed rate of 0.2 mm/rev and depth of cut of 1.5 mm. After different intervals of machining, the conditions of the tools were monitored using optical microscopy and measurement of average flank wear (VB) until VB has reached the industrially accepted value of 0.3 mm. This was followed by examining the tools using the SEM and EDS.
RESULTS
Coating microstructure
Representative SEM images depicting the surface morphologies and fractographs of With a view to achieve a deeper insight to the wear mechanism and material transfer during machining, SEM images together with the EDS spectra at the chip-tool interaction zone corresponding to the lowest (32 m/min) and highest (230 m/min) cutting velocities are demonstrated in Fig. 5 . Severe material adhesion on the uncoated insert at low cutting velocities was apparent (Fig. 5(a) ). Conversely, TiN-MoS x composite coating was capable of successfully restricting the chip adhesion to the tool rake face and crater wear even at a high cutting velocity of 230 m/min, see Fig. 5(b) . However, some amount of material adhesion on the cutting edge was observed in the SEM image which was further confirmed using EDS as shown in Fig. 5(a) .
The optical and SEM micrographs further revealed that the chip-tool contact length decreased with an increase of cutting velocity. Additionally, the contact length for TiN as well as TiN-MoS x composite coated tools was shorter compared to that for the uncoated tool T1, due to the reduction in chip-tool interface friction. Figure 6 shows EDS mapping images of tool T4 (MoS x over a TiN underlayer) after machining at 77 m/min followed by the removal of built-up material. It was noticed that the spallation of coating from the rake surface fostered material build-up at lower cutting velocities.
Therefore, the ability to retain the TiN-MoS x (tools T6, T7 and T8) and monolayer TiN (tool T2) coatings even at low V c can possibly explain the lower cutting forces recorded with these tools, in comparison to that obtained with the other coated inserts.
The conditions of rake surface of the uncoated (T1) and other coated tools (T2 to T8) after machining for 10 s at the highest V c (230 m/min) and subsequent BUL removal are shown in Fig. 7 . While the uncoated tool (T1) resulted in a large crater depth within a short duration of machining due to the inferior resistance to diffusion, the other coated tools, with the exception of tool T3 (coated with single layer MoS x ), showed improved resistance to crater wear at higher cutting velocities. Especially, coating defects/damages were negligible in the TiN (T2) and TiNMoS x (T6, T7 and T8) coated tools.
The workpiece average surface roughness (R a ) measured following machining with different coated and uncoated tools is shown in Fig. 8 . As expected, R a typically decreased with the increase of cutting velocity. With the exception of machining trials at 77 m/min, the uncoated tool generally exhibited the maximum surface roughness values (1.9 to 2.2 µm) amongst all the coated tools. Although the workpiece roughness obtained following turning with tools T2, T4
and T6 was comparable, tool T7 rendered the best surface finish with R a varying between 1 to 1.7 µm. This was in agreement with the trend of cutting force data recorded with these coated inserts. The superlubricity of MoS x, doped with a hard TiN phase, might have resulted in lower frictional force, leading to an improved work surface quality.
Phase 2: Tool life test
The promising machining behaviour (in terms of cutting force and tool wear) of the conventional TiN coated (T2) and TiN-MoS x coated (T7, I Ti : 3.5 A, with an MoS x content of ~12 wt% and a TiN underlayer) tools throughout the entire range of cutting velocity, fostered further study on tool life testing in Phase 2. The uncoated cemented carbide tool (T1) was also tested for the purpose of comparison. times longer than that of the uncoated and conventional hard TiN coated counterparts, respectively, which is graphically depicted in Fig. 10 .
DISCUSSION
The design of multilayer coating system with the combination of coating materials having high and low elastic moduli permits sliding within the layers and lower bending stress ensuring "long bending strain to failure." As a result, the ratio of hardness (H) to elastic modulus (E) of a multilayer coating is higher than the monolayer hard coating. Shear deformation takes place at the soft phase so that the thinner hard layer does not experience high bending stresses. This protects the hard coating from failure due to fracture, delamination and fatigue (Matthews et al. specimens against sliding distance (Gangopadhyay et al (25) and (26)) 
